We propose an electrocardiogram (ECG) signal-based algorithm to estimate the respiratory 1 rate is a significant informative indicator of physiological state of a patient. The consecutive 2 ECG signals reflect the information about the respiration because inhalation and exhalation make 3 transthoracic impedance vary. The proposed algorithm extracts the respiration-related signal by 4 finding out the commonality between the frequency and amplitude features in the ECG pulse train.
Preliminaries

48
Respiration affects ECG signals in several ways : baseline wander, amplitude modulation and 49 frequency modulation [9] . Generally, the frequency range of respiration is located between of 0.1 50 and 0.5 Hz [14] . The frequency of the respiration activity on the baseline of the ECG signals is easily 51 contaminated by various types of artifacts such as movement artifacts, which is not predicted. Due to 52 the characteristics, the baseline wandering effect is not suitable for utilizing to estimate respiratory 53 rate, hence, many studies used to concentrate on the modulated signals to obtain respiratory rate from 54 ECG signals.
55
Respiration is known to modulate the heart rate such that it increases during inspiration and 56 decreases during expiration [14] . It is similar principle with frequency modulation, thus a waveform 57 can be extracted from the heart rate time series representing this modulation, which is referred to as There is another signal, which is reflected on the respiration. During inspiration and expiration, 61 the filling and emptying of the lungs causes a rotation of the electrical axis of the heart and a 62 change in the impedance of the thorax. It yields changes in the electrocardiogram beat morphology.
63
Consequently, the R-peak amplitudes are modulated by the respiratory activity in an amplitude 64 modulation manner [14] . Respiratory rate can be derived from this modulation, which is referred as the R-peak amplitude (RPA).
66
In order to estimate respiratory rate from the extracted RPA and RSA, spectral information related 67 to the respiration should be used. The main assumption is that the dominant frequency of the given 68 signals is regards as the respiration related signal. Common approach to obtain the respiration-related 69 frequency in RPA and RSA is spectral analysis or time-spectral analysis.
70
The traditional technique to find a dominant spectral peak in a given signal is a Fourier
71
Transform-based method [17] . It is simple, but it should be assumed that the signal is stationary or 72 locally stationary. Further, it can't extract the cluttered spectral information. In contrast, Autoregressive
73
(AR) spectral modeling [18] [19] [20] gives clean and uncluttered spectral information. However, the result 74 of AR modeling reflects not only the input, but also assumptions about its complexity.
75
Another approach is a time-frequency analysis such as continuous wavelet transform [21] or 76 empirical mode detection [17, 22] . It tries to decompose the signal first, then, find a dominant spectral 77 peak in a decomposed signal.
78
Both of the traditional spectral analysis and the AR modeling method requires uniform sampling. 
Spectrum Decomposition Algorithm for Respiratory Rate
In this paper, our proposed algorithm named as spectrum decomposition algorithm for respiratory 88 rate (SDAR), focuses on the respiratory rate estimation based on spectrum decomposition with a 89 single-lead ECG signal. As described in Section 2, respiratory rate can be derived from the relationship 
where i is the index of the given peak data, S is a set of data in the searching window, which has width 105 w centered at the ith peak, t means the timing index within the searching window S and ECG S depicts
106
ECG signals within searching window S.
107
The SDAR algorithm is based on a fusion technique with both of modulated signals. To obtain where z stat implies the stationary part and z trend is the non-stationary part of the given series of data.
119
The non-stationary component z trend can be modeled with a linear observation model as
where H ∈ R is the observation matrix, θ ∈ R are the regression parameters and v is the observation 121 error. The estimation of the regression parameterθ can be obtained by the regularized least squares
As shown in 
Normalization and Convolution
127
The SDAR algorithm is based on the fusion technique using both of RSA and QRS amplitude of the original series into the sum of a small number of independent and interpretable components.
142
The SSA comprises two steps, decomposition and reconstruction steps. At decomposition step, 
151
According to the applications, the reconstruction steps is required. However, our main goal to 152 use SSA in our application decomposes the given signal in independent time series. To search for the spectral peak of respiratory activities, the algorithm should transform the time 160 series principle components into spectral domain. Fig.6 shows the transformed principle components.
161
The SSA decomposition may make the given signal split into different principle components, 
Evaluation
183
The SDAR is compared with the conventional respiratory rate estimation algorithms, which are 
194
Over the whole segments in the dataset, the accuracy of the estimation results is shown in Fig.8 .
195
Gray markers represent the respiratory rate estimation results based on the conventional methods, To quantify the performance, RMS error and standard deviation of the error are used as the metric 200 of the performance. RMS is defined as where n is the number of observations and Br re f and Br est are the reference and the estimation of the 202 respiratory rate respectively. In Table 1 , the estimation result of SDAR gives minimum RMS error over implies that the analysis is required to obtain the modulated signals, the first analysis is quite important.
226
To improve the performance of the estimation, the preprocessing to remove misdetecting beats or 227 compensate missing beats.
228
Abbreviations
229
The following abbreviations are used in this manuscript: 
